Introduction {#S0001}
============

Tumor immunotherapy has changed the therapeutic landscape for an increasing number of patients with cancer.^[1](#CIT0001)^ Yet, many patients do not respond to treatment and the mechanisms of innate and acquired drug resistance are incompletely understood.^[2](#CIT0002)^ Solid tumors are generally characterized by the presence or absence of tumor-infiltrating lymphocytes.^[3](#CIT0003)^ Indeed, studies in metastatic melanoma patients treated with programmed cell death 1 (PD-1) inhibitors revealed an association between T-cell infiltration and clinical response to immune checkpoint blockade.^[4](#CIT0004)^ The homeostatic mechanisms regulating the development of this so-called T cell-inflamed tumor microenvironment are being elucidated and appear to depend on patterns of intracellular signaling within tumor cells as well as innate features of the host immune system. The presence of high tumor cell mutation burden, enriched neoantigen T cell repertoire, availability of tissue resident basic leucine zipper ATF-like transcription factor 3 (Batf3)^+^ dendritic cells (DCs) and expression of an interferon-related pro-inflammatory gene expression profile have correlated with improved therapeutic responses to immunotherapy.^[5](#CIT0005)--[9](#CIT0009)^

Recently, the cyclic guanosine monophosphate (GMP)--adenosine monophosphate (AMP) synthase (cGAS) and stimulatory of interferon genes (STING) complex has been implicated as a key intracellular regulator of host T cell recruitment to the tumor microenvironment in melanoma.^[10](#CIT0010)^ cGAS is a DNA sensor that responds to genotoxic cell stress by binding to abnormal DNA in neoplastic cells and activating STING, which serves as an adaptor protein that triggers innate immunity through type I interferon gene expression, release of chemokines CXCL9 and CXCL10, and ultimately recruitment of T cells.^[10](#CIT0010),[11](#CIT0011)^ While cGAS-STING signaling explains the presence of tumor-infiltrating T cells, this pathway also enhances expression of several counter-regulatory immune parameters, including expression of PD-1 ligand 1 (PD-L1), accumulation of CD4^+^FoxP3^+^ regulatory T cells, and production of indoleamine 2,3-dioxygenase (IDO), all factors that inhibit host anti-tumor immunity.^[6](#CIT0006),[12](#CIT0012)^ Thus, effective immunotherapy requires both T cell recruitment to the tumor microenvironment and suppression of the homeostatic counter-regulatory pathways. This explains why the presence of T cells, *per se*, is insufficient to mediate tumor regression in the absence of immune checkpoint inhibition. In addition, re-establishing cGAS-STING activation in tumors with deficient type 1 interferon responses has been suggested as an important strategy for converting lymphoid-deficient tumors (i.e., "cold" tumors) into T cell-inflamed tumors (i.e., "hot" tumors).^[13](#CIT0013),[14](#CIT0014)^

Oncolytic viruses are viral vectors that preferentially replicate in tumor cells, inducing immunogenic cell death (ICD) and promoting host anti-tumor immune responses.^[13](#CIT0013)^ The preferential replication in tumor cells is based on several features, including deficiencies in tumor cell anti-viral machinery elements and defective type 1 interferon signaling as compared to normal, non-neoplastic cells.^[15](#CIT0015)^ Additionally, oncolytic viruses are thought to enhance ICD through release of danger-associated molecular pattern (DAMP) factors and soluble tumor-associated antigens that cooperate to induce innate and adaptive immune responses, although this has not been confirmed for most oncolytic viruses.^[13](#CIT0013)^ The ability of oncolytic viruses to recruit T cells to the tumor microenvironment and promote ICD with release of tumor-associated antigens suggests that oncolytic immunotherapy is especially well suited for converting T-cell-deficient tumors into T cell-inflamed tumor microenvironments, which should further enhance systemic immunotherapy.^[16](#CIT0016)^

The first oncolytic virus approved in the U.S. for the treatment of cancer is talimogene laherparepvec (T-VEC), an attenuated herpes simplex virus, type 1 (HSV-1) encoding granulocyte-macrophage colony stimulating factor (GM-CSF), which was approved based on an improvement in durable and objective response rates in patients with advanced melanoma.^[17](#CIT0017)^ Treatment with T-VEC has also been associated with infiltration by melanoma-specific CD8^+^ T cells.^[18](#CIT0018)^ Furthermore, HSV-1 is known to trigger cGAS-STING and initiate strong type 1 interferon production.^[19](#CIT0019)^ In addition, Batf3^+^ DC is known to be especially competent at presentation of HSV-1-related antigens.^[20](#CIT0020)^ Thus, oncolytic viruses, such as T-VEC, might provide a more natural way to utilize innate elements of the anti-viral response to kill tumor cells in a more immunogenic manner while promoting systemic anti-tumor immunity. A better understanding of how oncolytic viruses induce ICD might also suggest new targets for combination therapy in melanoma and potentially other tumors permissive to oncolytic virus infection.^[21](#CIT0021)^

Thus, in this report, we sought to explore the molecular factors involved with T-VEC-mediated ICD in melanoma cells and determine which intracellular factors are important for promoting viral replication and promoting anti-tumor immunity. We hypothesized that T-VEC would induce ICD through release of defined DAMPs and would promote T cell recruitment to established melanomas through type 1 interferon-related factors, including CXCL9 and CXCL10, as well as a pro-inflammatory gene signature profile. In addition, we found that specific components of the anti-viral machinery, such as STING, were critical for both T-VEC permissive replication and induction of host anti-tumor immunity. Tumors which have low levels of STING show minimal response to anti-PD-1 therapy but respond to T-VEC treatment. Further, T-VEC treatment induced a systemic anti-tumor specific CD8^+^ T cell response and increased immune inflammatory gene signature both in injected and contralateral tumors, leading to regression of un-injected tumors. These data support the role of T-VEC in tumors with low STING levels and confirms how T-VEC mediates melanoma ICD and triggers innate and adaptive anti-tumor immunity.

Materials and methods {#S0002}
=====================

Cell lines {#S0002-S2001}
----------

Human melanoma cell lines SK-MEL-2, SK-MEL-5, SK-MEL-28, M14, and LOX-IMVI were obtained from ATCC (Manassas, VA). Cells were cultured in monolayers using RPMI supplemented with 10% heat-inactivated bovine serum (Thermo Fisher Scientific), 10mM L-glutamine (Corning), and 0.5% penicillin G-streptomycin sulfate (Corning). Cells were detached using 0.25% trypsin EDTA (Corning) for passaging and were cultured at 37°C in 5% CO~2~. The murine melanoma cell line D4M3A was generated from Tyr::CreER; BrafCA; Ptenlox/lox mice^[22](#CIT0022)^ and kindly provided by Dr. David Mullins (Dartmouth University, Hanover, NH). D4M3A cells were cultured as described in Jenkins et al., 2014. All cells used in experiments were low-passage and were confirmed to be mycoplasma-free (LookOut mycoplasma kit; Sigma). During cell viability assays, cells were plated in 96-well plates and treated with T-VEC after 12--16 hr. Cell viability was measured using MTS assay and cell viability measured according to the manufacturer's instructions (MTS Cell Proliferation Colorimetric Assay Kit, Biovision, Milpitas, CA).

Oncolytic virus {#S0002-S2002}
---------------

Talimogene laherparepvec (T-VEC) is a modified strain of herpes simplex type 1 virus (HSV-1). In T-VEC two copies of the ICP 34.5 neurovirulence genes are deleted to limit neurotoxicity and promote selective tumor cell replication. In place of the ICP34.5 genes, two copies of the human GM-CSF gene have been engineered to promote dendritic cell infiltration and maturation. The HSV-1 ICP47 gene, which inhibits the transporter associated with antigen processing and presentation, is also deleted to promote antigen processing and presentation. T-VEC is commercially available and was purchased from the Rutgers Cancer Institute Pharmacy.

Danger-associated molecular pattern (DAMP) factor analysis {#S0002-S2003}
----------------------------------------------------------

SK-MEL-28 cells (5 × 10^5^) were mock infected or treated with 1 MOI T-VEC and cell supernatants collected at 24 and 48 h. Cell culture supernatants were passed through 40 μm filters, further centrifuged at 5000 rpm for 10 min at 4°C. High mobility group box 1 (HMGB1) in cell supernatants were detected using an Enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's (Chondrex) instructions. Adenosine triphosphate (ATP) levels in cell supernatants at indicated times were detected using a standard ATP determination kit according to the manufacturer's (ThermoFisher) instructions. For surface calreticulin expression, SK-MEL-28 cells (1 × 10^5^) were plated in a 6-well chamber slide and treated the next day with phosphate buffer saline (mock) or 1 MOI of T-VEC and stained with anti-calreticulin (CALR) antibody (1:100) and incubated at 4°C overnight, then washed twice with PBS. FITC-anti-Rb antibody was used as a secondary antibody (1:200), incubated for 2 h at room temperature. Finally, cells were coverslipped using nuclear reactive dye and images taken using an Olympus fluorescent microscope.

Western blotting {#S0002-S2004}
----------------

Total cell lysates obtained from human melanoma cell lines were lysed and 40 µg of lysate was loaded onto an SDS-PAGE gel, electrophoresed, and transferred to a PVDF membrane. Antibodies against Protein Kinase R (PKR) (1:500), Stimulator of Interferon Genes (STING) (1:1000), Cyclic GMP-AMP synthase (cGAS) (1:500), Vinculin (1:1000) and GAPDH (protein control) (1:1000) (Cell Signaling Technologies) were used.

shRNA and CRISPR studies {#S0002-S2005}
------------------------

For shRNA studies, LOX-IMVI cells (3 × 10^5^) were plated in a 6-well plate and 12--16 h. later cells were infected with 10 MOI of lentiviral vector of either PKR, STING or scrambled shRNA from Santa Cruz biotechnology. After 36--48 h, cells were washed with PBS and replaced with normal media containing 0.5 μg/ml of puromycin and selected for 5 days. Western blot analysis was performed on cells that passed puromycin selection to confirm the knock down of targeted gene(s). CRISPR studies were performed using Santa Cruz CRISPR-HDR system according to the manufacturer\'s guidelines. In short, LOX-IMVI cells (3 × 10^5^) were plated in a 6-well plate and 12--16 h. later cells were transfected with the CRISPR plasmid and HDR plasmid using Liopfectamine 300. After 8--12 h, supernatant was replaced with normal media and grown to 50--60% confluence. Cell selection was performed in 0.5 μg/ml of puromycin for 5 days and single cell clones were isolated using fluorescence-activated cell sorting (FACS).

Mouse treatment studies {#S0002-S2006}
-----------------------

Male C57BL/6J mice (stock:000664) were used at 8--9 weeks of age. All mice were obtained from Jackson Labs (Farmington, CT). For tumor growth studies, melanoma tumors were generated by injecting D4M3A cells (3 × 10^5^) in PBS to generate flank tumors. In bilateral flank tumor studies D4M3A cells (3 × 10^5^) were injected on both right and left flanks at the same time. When tumors reached 9--12 mm^2^ in area mice were randomly divided into groups and administered T-VEC (6 × 10^6^) plaque forming units (PFU) or sterile water via intratumoral (i.t.) injection. Murine anti-PD-1 (rat clone RMP1-14; 15 mg/kg), and isotype control antibodies, rat IgG2a (clone LTF-2; 15 mg/kg), were obtained from BioXcell. For mouse anti-PD-1 studies, B6 mice (n = 5/group) were implanted subcutaneously in the right flank with 3 × 10^5^ D4M3A murine melanoma cells on day 0 and treated with 15 mg/kg of anti-PD-1 antibody via subcutaneous (s.c.) injection on days 8, 10, 12, and 14. Mock group received rat IgG2a isotype control. For T-VEC treatment studies, B6 mice (n = 5/group) were implanted subcutaneously in the right flank with 3 × 10^5^ D4M3A murine melanoma cells on day 0 and treated with 6 × 10^6^ PFU of T-VEC or mock on days 8, 10, 12, and 14. For bilateral flank tumor studies, B6 mice (n = 9/group) were implanted subcutaneously in both right and left flanks with 3 × 10^5^ D4M3A murine melanoma cells on day 0 and treated with 6 × 10^6^ PFU of T-VEC or mock on days 8, 9,10, 12, 13, and 14. Tumors were measured using calipers, and tumor area was calculated by multiplying the greatest length with width. Mice were euthanized before they reach 400 mm^2^. All experiments were conducted in compliance with Rutgers University animal care and usage committee guidelines.

Flow cytometry analysis {#S0002-S2007}
-----------------------

For cell surface receptor analysis, cells (1 × 10^6^) were collected from cultures and the FC receptors were blocked with human Fc block (10 μg/ml) (BD biosciences) for 10 min. Cells were then washed twice with FACS buffer (2% FBS in PBS) and stained with either isotype controls or antibodies against Herpes Virus Entry Mediator (HVEM), nectin-1 and nectin-2 and flow cytometry was performed using LSRII flow cytometer (BD Biosciences) and data analyzed using FlowJo software (v.10.4; Tree Star).

For multiplex cytokine array, (5 × 10^5^ cells) were plated and either treated with 1 MOI of T-VEC or mock and cell culture supernatants were collected and passed through 40 μm filters, and further centrifuged at 5000 rpm for 10 min at 4°C. Cytokine array was performed using Biolegend LEGENDplex™ Human Anti-Virus Response Panel according to the manufacturer's guidelines. Flow cytometry was performed using LSRII flow cytometer (BD Biosciences), and data were analyzed using LEGENDplex™ software V8.

For tumor microenvironment analysis, tumors from treated mice were harvested on day 29, mechanically dissociated using a gentleMacs Octo Dissociator (Miltenyi), incubated with collagenase (1 mg/ml, Sigma Aldrich) and DNase I (10 U/ml; Promega) for 45 min with rocking at 37°C. Tumors were dissociated again and then passed through a 40 μm screen, and finally re-suspended in FACS buffer. Staining for flow cytometry was performed as previously described.^[21](#CIT0021)^ In brief, tumor-infiltrating cells were stained with fluorochrome-conjugated anti-mouse antibodies, as well as appropriate isotype control antibodies. Fixable live/dead viability Kit (Invitrogen) was used to stain dead cells. Intracellular staining was performed following the intracellular staining protocol (BioLegend). Antigen-specific CD8^+^ T cell determination was performed using Fluorochrome-conjugated MHC-I dextramers (Immudex) for HSV-1 gB, murine gp100 or murine TRP2 according to manufacturer's guidelines. For single-color compensation controls, spleens from naïve B6 mice were treated with ACK Lysis Buffer (Sigma Aldrich) to lyse red blood cells, and single cells were stained with each fluorescent-conjugated antibody. Flow cytometry was performed using LSRII flow cytometer (BD Biosciences) and data were analyzed using FlowJo software (v.10.4; Tree Star). Fluorescent minus one (FMO) controls were used as needed to distinguish the true positive vs. negative stained cell populations.

Gene expression analysis {#S0002-S2008}
------------------------

Total RNA was isolated from tumors using a Qiagen RNAeasy kit. Gene expression analysis was performed using the NanoString PanCancer Immune panel as previously described ^[21](#CIT0021)^. In brief, 50--100 ng of total RNA per sample was mixed with a 3′-biotinylated capture probe and a 5′-reporter probe tagged with a fluorescent barcode from the custom gene expression code set. Probes and target transcripts were hybridized at 65°C for 16 h. Hybridized samples were run on the prep station platform as recommended by the manufacturer's protocol. The samples were scanned at maximum scan resolution on the nCounter Digital Analyzer. Data were processed using nSolver Analysis Software and the nCounter Advanced Analysis module. For gene expression analysis, data were normalized using the geometric mean of housekeeping genes selected by the GeNorm algorithm.^[23](#CIT0023)^ Gene expression signatures were analyzed using Nsolver advanced analysis software (4.0) according to the manufacturer's guidelines. For heatmap generation, normalized data was scaled, and average linkage performed using cluster 3.0 and heat maps were generated using JavaTree.

Statistical analyses {#S0002-S2009}
--------------------

All statistical analyses were performed using GraphPad Prism software version 7.0a. Survival data were analyzed by Kaplan-Meier survival curves, and comparisons were performed by Log Rank test. Cell viability data, flow cytometric data and immunohistochemistry counts were compared using an unpaired student's t-test (two-tailed) or one-way ANOVA when multiple comparisons were done. P values of less than 0.05 were considered significant. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

Results {#S0003}
=======

Human melanoma cell lines are permissive to T-VEC infection and oncolysis {#S0003-S2001}
-------------------------------------------------------------------------

We first sought to identify how T-VEC mediates melanoma cell lysis and to address this we tested cell viability following increasing doses of T-VEC in a panel of established melanoma cell lines. Melanoma cell lines were seeded in 96-well plates and treated with T-VEC at the indicated multiplicity of infection (MOI) and an MTS assay was performed on infected SK-MEL-2, SK-MEL-5, SK-MEL-28, M14, and LOX-IMVI cells. Cell viability was measured 5 days after T-VEC treatment using MTS assay ([Figure 1A](#F0001)--E). The SK-MEL-5 cell line ([Figure 1B](#F0001)) exhibited the highest sensitivity to T-VEC induced death, while LOX-IM-VI cells ([Figure 1E](#F0001)) were relatively resistant to T-VEC. The sensitivity of LOX-IMVI, M14, and SK-MEL cell lines to T-VEC infection was significantly different at low doses (0.03 MOI) ([Figure 1F](#F0001)). To determine if the differential lysis across the cell lines was due to difference in HSV-1 cell entry receptors, expression levels of the HSV entry receptors, herpes virus entry mediator (HVEM) and nectin-1, and low affinity nectin-2, which can affect sensitivity to oHSV,^[24](#CIT0024),[25](#CIT0025)^ were determined in all cell lines. We found that while nearly all melanoma cell lines expressed at least one of the HSV-1 entry receptors, the sum of fold increase in H-VEM and nectin-1 expression was relatively lower in LOX-IMVI cells compared to other cell lines (Suppl Figure 2).10.1080/2162402X.2019.1591875-F0001Figure 1.Human melanoma cell lines exhibit differential sensitivity to T-VEC-mediated lysis *in vitro*. Cells (5 × 10^3^) were seeded on 96-well plates and treated with T-VEC at the indicated multiplicity of infection (MOI) and MTS assay performed on day 5 post T-VEC infection to measure cell viability of (A) SK-MEL-2 (B) SK-MEL-5 (C) SK-MEL-28 (D) M14 and (E) LOX-IMVI at 5 days post T-VEC treatment. (F) Cell viability at 5 days post 0.3 MOI T-VEC treatment for selected cell lines. Each experiment was performed two or more times and similar results were obtained. Data are presented as mean ± SEM, and statistical differences between groups were measured by one way ANOVA. \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

T-VEC infection induces DAMP release from melanoma cell lines {#S0003-S2002}
-------------------------------------------------------------

The induction of immunogenic cell death (ICD) is associated with the release of damage-associated molecular patterns (DAMPs). Although generally accepted that oncolytic viruses induce DAMP release, we sought to test whether T-VEC promoted DAMP release in human melanoma cell line following infection. To test this, we selected the moderately sensitive SK-MEL-28 cell line for analysis, and infected cell monolayers with T-VEC at MOI of 1 (or mock infected) and collected cell supernatants at 24 and 48 h after infection to assess surrogate DAMP markers of ICD^[26](#CIT0026)^ First, the levels of the high mobility group box 1 (HMGB1) was assessed by ELISA and was significantly increased at 24 h compared to mock-infected cells and increased even further at 48 h ([Figure 2A](#F0002)). Next, the levels of adenosine triphosphate (ATP) were assessed in cell supernatants and found to be significantly elevated at 24 h compared to mock-infected cells and levels increased further at 48 h ([Figure 2B](#F0002)). Finally, the presence of ecto-calreticulin was evaluated at 24 h and presence of ecto-calreticulin was noted by immunostaining with an antibody against calreticulin (CALR; green) and a nuclear stain (DAPI; blue) as shown in [Figure 2C](#F0002). These data suggest that T-VEC induces the release of DAMPs during lysis of melanoma tumor cells, suggestive of ICD.10.1080/2162402X.2019.1591875-F0002Figure 2.T-VEC induces immunogenic cell death and release of DAMPs. (A--B) SK-MEL-28 cells (5 × 10^5^) were mock infected or treated with 1 MOI T-VEC and cell supernatants collected at 24 and 48 h post infection. (A) Bar graph indicating levels of high mobility group box 1 (HMGB1) in cell supernatants at indicated times. (B) Bar graph indicating the level of adenosine triphosphate (ATP) in cell supernatants at indicated times. (C) SK-MEL-28 cells (1 × 10^5^) were plated in a 6-well chamber slide and treated the next day with phosphate buffer saline (mock; left panel) or 1 MOI of T-VEC (right panel) and stained with anti-calreticulin (CALR) antibody (green) and nuclear stain (DAPI; blue) 24 h post-T-VEC treatment. Each experiment was performed two times with similar results. Data are presented as mean ± SEM, and statistical differences between groups were measured by student's t-test. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

Anti-viral machinery elements are deficient in some melanoma cell lines {#S0003-S2003}
-----------------------------------------------------------------------

The preferential replication of oncolytic viruses in tumor cells is thought to occur in part, because of deficiencies in anti-viral machinery in tumor cells. The characterization of the anti-viral machinery in melanoma cells, however, has not been extensively evaluated. We hypothesized that alterations in anti-viral machinery proteins were necessary for T-VEC replication in melanoma cell lines. HSV-1 is detected in host cells by two major anti-viral pathways, the Protein Kinase R (PKR) and cGAS/STING pathways.^[27](#CIT0027)^ The levels of PKR and cGAS/STING expression in the various melanoma cell lines was determined and compared to T-VEC cytolytic activity. Using immunoblotting, we observed that the SK-MEL-5 cell line exhibited relatively lower level expression of PKR, STING, and cGAS proteins ([Figure 3A](#F0003)), whereas the LOX-IMVI cells exhibited the highest protein levels of PKR and STING. The undetectable PKR and cGAS/STING in the SK-MEL-5 cell line and low levels of STING in SK-MEL-2 was associated with increased sensitivity to T-VEC-mediated lysis ([Figure 1](#F0001)). In contrast, the PKR and cGAS/STING high LOX-IMVI cells were relatively resistant to T-VEC-mediated lysis and required MOI of 1 or greater for activity ([Figure 1E](#F0001)). Together these data suggest that PKR, cGAS and STING may contribute to resistance to T-VEC lysis in LOX-IMVI cell line.10.1080/2162402X.2019.1591875-F0003Figure 3.Melanoma cell lines display variable levels of anti-viral machinery elements. Total cell lysates were collected from the indicated cell lines (2 × 10^6^) and 40 µg of lysate was loaded onto an SDS-PAGE gel and transferred to a PVDF membrane. Antibodies against protein kinase R (PKR), cyclic-GMP-AMP synthase (cGAS) and stimulator of interferon genes (STING) were used in immunoblotting assay as described in Methods. Immunoblots of PKR (A), cGAS and STING. GAPDH is loading control.

STING contributes to T-VEC resistance in human Melanoma cells {#S0003-S2004}
-------------------------------------------------------------

In order to confirm which anti-viral machinery factor elements were responsible for resistance to T-VEC-mediated lysis, the LOX-IMVI cell line was used to generate a series of gene knockout clones. First, a LOX-IMVI-shPKR cell line was generated and clones exhibited low levels of PKR expression compared to LOX-IMVI-shScr ([Figure 4A](#F0004)-left panel). However, no significant differences in T-VEC sensitivity were observed between LOX-IMVI shSCr and LOX-IMVI-shPKR cells ([Figure 4A](#F0004)-right panel). To test the role of STING in mediating resistance to T-VEC sensitivity, we generated LOXIMVI-shSTING and CRISPR knock-out cell lines. shSTING reduced STING protein levels by over 50% ([Figure 4B](#F0004)-left panel) and had only a modest effect on T-VEC cytotoxicity compared to the scrambled control ([Figure 4B](#F0004)-right panel). Using CRISPR-Cas9 technology we generated three clones of LOX-IMVI cells, with clone1 and clone3 exhibiting a complete knock out of STING protein ([Figure 4C](#F0004)). Both these clones, but not clone2 or scrambled control, were now sensitive to T-VEC at higher MOIs ([Figure 4D](#F0004)).10.1080/2162402X.2019.1591875-F0004Figure 4.STING mediates resistance to T-VEC-mediated lysis in melanoma cells. (A) Immunoblot showing PKR protein levels from LOXIMVI-scr and LOXIMVI-shPKR cell lysates (left panel) and cell viability 5 days post-T-VEC treatment (right panel). (B) Immunoblot showing STING protein levels from LOXIMVI-scr and LOXIMVI-shSTING cell lysates (left panel) and cell viability 5 days post-T-VEC treatment (right panel). (C) Immunoblot showing STING protein levels from LOXIMVI-CRISPR-scr and LOXIMVI-CRISPR-STING clones 1, 2 and 3 cell lysates. (D) MTS assay measuring cell viability of LOXIMVI-CRISPR-scr and LOXIMVI-CRISPR-STING clones 1, 2 and 3 cell lines at 5 days post-T-VEC treatment. (E) Immunoblot showing cGAS protein levels from LOXIMVI-CRISPR-scr and LOXIMVI-CRISPR-cGAS clones 1, 2 and 3 cell lysates. Vinculin is loading control. (F) MTS assay measuring cell viability of LOXIMVI-CRISPR-scr and LOXIMVI-CRISPR-cGAS clones 1, 2 and 3 cell lines at 5 days post-T-VEC treatment. Each experiment was performed two times with similar results. Data are presented as mean ± SEM, and statistical differences between groups were measured by student's t-test. \*p \< 0.05, \*\*p \< 0.01. Cytosolic and viral DNA is detected by cGAS and other synthases which eventually leads to STING activation.^[28](#CIT0028)^ Thus, to determine if cGAS is involved in T-VEC resistance in the LOX-IMVI cell line, we generated three clones of LOX-IMVI cells with cGAS knockout using CRISPR-Cas9, with complete knockout in all the three clones ([Figure 4E](#F0004)). However, all three clones retained resistance to T-VEC ([Figure 4F](#F0004)). These data collectively suggest that STING, but not cGAS or PKR, contributes to resistance to T-VEC-mediated killing in LOX-IMVI melanoma cells.

STING deficiency alters cytokine release induced by T-VEC infection {#S0003-S2005}
-------------------------------------------------------------------

We demonstrated that loss of STING can increase sensitivity to T-VEC in LOX-IMVI cells ([Figure 4D](#F0004)). Since activation of STING leads to the release of several cytokines, including type 1 interferons and tumor necrosis factor alpha (TNFα) secretion that mediate anti-viral responses,^[29](#CIT0029)^ we tested the hypothesis that STING expression was required for cytokine release in the LOX-IMVI cell line following T-VEC infection. To observe the changes in cytokine profile, we treated LOX-IMVI CRISPR-scr and LOX-IMVI-CRISPR-STING-clone1 cells with T-VEC (MOI 1) and collected supernatants 24 h later. We utilized a multiplex human anti-viral immune response array to determine the cytokine profile. There was a significant increase in levels of GM-CSF during T-VEC treatment in LOX-IMVI-CRISPR-STING-clone 1 ([Figure 5A](#F0005)), due to the expression of GM-CSF by the virus and suggestive of better viral replication. T-VEC also induced TNFα, which was reduced to mock-infection levels in STING knockout cells ([Figure 5B](#F0005)). Finally, we saw a significant increase in levels of interleukin 1 beta (IL-1β) after T-VEC, which was further increased in the knockout cells ([Figure 5C](#F0005)). We did not observe significant differences in the production of other cytokines in the panel between the STING knock-out and regular LOX-IMVI cells during T-VEC treatment as shown in Suppl. Table 1. Thus, STING expression appears to contribute for production of cytokines associated with inflammation and induction of innate immunity following T-VEC infection of melanoma cell lines.10.1080/2162402X.2019.1591875-F0005Figure 5.STING deficiency alters cytokine profiles following T-VEC treatment. LOXIMVI-CRISPR-scr and LOXIMVI-CRISPR-cGAS clone 1 cells (5 × 10^5^) were plated in 6-well plates and infected with 1 MOI of T-VEC or mock. After 20 h, cell supernatants were collected and measured for cytokine release as described in Methods. Bar graphs show the levels of (A) GM-CSF, (B) TNFα and (C) IL-1β. Each experiment was performed twice with similar results. Data are presented as mean ± SEM, and statistical differences between groups were measured by student's t-test. \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

T-VEC treatment induces tumor regression in an anti-PD-1 refractory STING^lo^ murine melanoma model {#S0003-S2006}
---------------------------------------------------------------------------------------------------

We sought to determine if T-VEC could overcome enhance anti-tumor immunity *in vivo* compared to checkpoint blockade. To test this, we implanted T-VEC susceptible BRAF V600E mutant D4M3A melanoma tumors in C57/BL6J mice (Suppl Figure 1). Once tumors were palpable, mice were mock-treated, treated with T-VEC or treated with murine αPD-1 antibody as described in Methods. STING^lo^ D4M3A melanoma tumors did not respond to PD-1 blockade as no significant differences were observed between mock treated mice (Suppl Figure 3A) and mice treated with PD-1 blockade (Suppl Figure 3B). This was consistent with previous reports showing D4M3A cell line does not respond to PD-1 blockade.^[30](#CIT0030)^ We did, however, observe significant tumor growth reduction in T-VEC treated mice (Suppl Figure 2C). T-VEC treatment significantly reduced tumor growth and completely eliminated tumors in 1/5 treated mice, while treatment with αPD-1 antibody had no significant effect on tumor growth. To determine if T-VEC treatment was associated with systemic anti-tumor activity, we implanted D4M3A tumors in both the right and left flanks of C57/BL6J mice. T-VEC was injected into the right flank palpable tumors according to the study schema shown in [Figure 6A](#F0006). T-VEC treatment significantly reduced tumor volume in both injected and un-injected contralateral tumors compared to mock treated mice ([Figure 6B--C](#F0006)). T-VEC was associated with complete regression in 3/9 injected tumors and 1/9 un-injected tumors. T-VEC treatment also significantly enhanced survival of mice compared to mock treatment ([Figure 6C](#F0006)). These data indicate that T-VEC induced anti-tumor activity *in vivo* in STING^lo^ melanoma tumors that are resistant to PD-1 blockade.10.1080/2162402X.2019.1591875-F0006Figure 6.T-VEC has therapeutic activity in STING\^lo melanoma *in vivo*. (A) Schema of treatment studies *in vivo*. (B) Individual tumor growth curves of injected tumors of mice treated with mock (top panel; black curves) or T-VEC (bottom panel; red curves). (C) Individual tumor growth curves of contralateral tumors of mock-treated (top panel; brown curves) or T-VEC treated mice (bottom panel; purple curves). Mean tumor area of Mock injected (169.4 mm^2^) was compared to mean tumor area of Mock un-injected (144 mm^2^), mean tumor area of T-VEC-injected (15.33 mm^2^) and mean tumor area of T-VEC-un-injected (47 mm^2^) at day 21 (D) Kaplan-Meier survival curves from animals. Each experiment was performed twice with similar results. Statistical differences between groups were compared on day 21 by student's t-test and for survival was performed by Log Rank test. \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

T-VEC induces anti-viral and systemic anti-tumor immunity in melanoma {#S0003-S2007}
---------------------------------------------------------------------

We investigated whether T-VEC treatment of melanoma tumors induced viral or tumor-associated antigen-specific CD8^+^ T cell responses. We implanted D4M3A melanoma tumors in C57BL/6J mice and were treated as described in Methods. Tumors were harvested on day 29, and flow cytometry analysis revealed significant increases in the frequency of CD3^+^ and CD8^+^ T cells in both injected ([Figure 7A](#F0007)) and contralateral (un-injected) tumors ([Figure 7B](#F0007)) following T-VEC treatment. We also observed a significant increase in levels of melanoma antigen gp100- and TRP2-specific and HSV-1 glycoprotein-B (gB)-specific CD8^+^ T cells in injected ([Figure 7C](#F0007)) and contralateral tumors ([Figure 7D](#F0007)). We next compared the levels of antigen-specific CD8^+^ T cells in the injected vs. contralateral tumors of individual mice and observed that melanoma antigen-specific CD8^+^ T cells were present in relatively higher numbers in injected lesions compared to contralateral tumors while the levels of HSV-1 gB-specific CD8^+^ T were similar ([Figure 7E](#F0007)). The level of PD-L1 expression on tumor cells and percentage of CD45^+^ cells expressing PD-1 was significantly higher in injected compared to un-injected tumors ([Figure 7F](#F0007)). These data suggest that T-VEC treatment induces both melanoma-specific and HSV-1-specific CD8^+^ T cells in injected and contralateral STING^lo^ melanoma tumors.10.1080/2162402X.2019.1591875-F0007Figure 7.T-VEC treatment induces host immunity in STING\^lo melanoma model. Mice (n = 5/group) were implanted subcutaneously in the right flank with 3 × 10^5^ D4M3A cells on day 0 and treated with 6 × 10^6^ pfu T-VEC or mock injection on days 17, 20, 23, 25 and 27. Tumors were harvested on day 29, and flow cytometry was performed using fluorochrome-conjugated antibodies as described in Methods. (A) Bar graph indicating percentage of CD45^+^CD3^+^ T cells and CD3^+^CD8^+^ T cells from T-VEC and mock injected tumors and (B) contralateral tumors. (C) Bar graph indicating the percentage of CD8^+^ T cells specific for murine gp100 or TRP2 and HSV-1 glycoprotein B (HSV-1 gB), respectively, from T-VEC and mock injected tumors and (D) contralateral tumors. (E) Line graphs indicating percentage of CD8^+^ T cells specific for indicated antigens from either T-VEC injected or contralateral tumors. (F) PD-L1 expression of CD45^−^ cells (left panel) and percentage of CD45^+^PD-1^+^ cells (right panel) from T-VEC injected and contralateral tumors. Each experiment was performed two or more times with similar results. Data are presented as mean ± SEM, and statistical differences between groups were measured by student's t-test. \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001.

To further evaluate T-VEC induced systemic pro-inflammatory responses in STING^lo^ melanoma, gene expression analysis was performed on RNA derived from tumors treated with T-VEC. The NanoString PanCancer immune gene expression panel was applied to tumors derived from both injected and contralateral tumor sites (Suppl. Figure 4). Gene expression analysis revealed upregulation of genes involved in: antigen presentation (*H2-DMb-2, H2-AbI*), costimulation (*CD80, ICOS*), chemokines (*Cxcl10, Cxc19*), and genes involved with CD8^+^ T cell activation (*CD8⍺, GZMa, GZMb*, and *Pdcd1*) in both injected ([Figure 8A](#F0008)) and un-injected contralateral tumors ([Figure 8B](#F0008)). We also analyzed gene expression changes in commonly involved immune response pathways and found that T-VEC treatment caused pronounced upregulation of these genes in injected lesions ([Figure 8C](#F0008)), with a smaller increase in the contralateral tumors ([Figure 8D](#F0008)). Together, these data support the ability of T-VEC to induce systemic inflammation and induce the recruitment of viral-specific and melanoma-associated antigen-specific T cells to melanoma cells even when intracellular STING is low.10.1080/2162402X.2019.1591875-F0008Figure 8.T-VEC treatment induces a systemic pro-inflammatory gene signature in STING-deficient tumors *in vivo*. Mice (n = 3/group) were treated as outlined in Figure 8. Tumors were harvested on day 29, and total RNA was isolated and Nanostring analysis performed using the pancancer immune gene profiling kit as described in Methods. (A) Heatmap showing gene expression levels of genes involved in Immune response signature in the injected tumors and (B) contralateral tumors. (C) Heatmap showing Immune function Pathway score signature in the injected tumors and (D) contralateral tumors.

Discussion {#S0004}
==========

Oncolytic viruses are emerging as a new class of immunotherapeutic agents for cancer treatment. Clinical proof-of-concept has been provided in patients with advanced melanoma who demonstrated improved objective and durable response rates when treated with talimogene laherparepvec (T-VEC), an oncolytic HSV-1 encoding GM-CSF.^[17](#CIT0017)^ In addition, there is emerging evidence that the combination of T-VEC and immune checkpoint blockade may be beneficial with improved therapeutic responses without increased toxicity.^[16](#CIT0016),[31](#CIT0031)^ While these clinical data have been encouraging, the basic mechanisms by which T-VEC, and other oncolytic viruses, mediate anti-tumor activity is incompletely understood. We have previously reported that T-VEC also induces tumor cell apoptosis, following infection.^[21](#CIT0021)^ In this report, we sought to further define how T-VEC induces cell death, which intracellular factors might influence T-VEC permissiveness in melanoma cells, and whether T-VEC can induce antitumor immune responses in tumors with low expression of STING, which usually correlates to lack of response to immune checkpoint blockade.^[10](#CIT0010)^

Pre-clinical studies have suggested a multi-modal mechanism of action in which oncolytic viruses promote tumor regression through direct ICD and secondary induction of host anti-tumor immunity.^[13](#CIT0013)^ Our data confirm that T-VEC does induce ICD with the corresponding release of danger associated molecular pattern (DAMP) factors, including HMGB1, ATP, and ecto-calreticulin. While traditional ICD has focused on DAMP release, which was confirmed *in vitro*, we also demonstrated that T-VEC could induce an immune response and induce tumor regression of established murine melanoma *in vivo*. The release of type I interferons due to viral infection has been shown to include TNF-α production,^[32](#CIT0032)^ as well as infiltration of CD8^+^ T cells and increased pro-inflammatory gene expression. In our model, we observed these effects in both injected and un-injected tumors in mice. We also demonstrated an increase in PD-1 expression following *in vivo* treatment with T-VEC, highlighting the natural counter-regulatory mechanism wherein viral-induced type 1 interferons inhibit T cells through engagement of the PD-1/PD-L1 pathway. While this may limit the therapeutic activity of oncolytic viruses, it also provides strong biologic rational for combining T-VEC with PD-1/PD-L1 blockade. While these data are important for understanding how T-VEC contributes to the anti-tumor response, other oncolytic viruses may mediate host anti-tumor immunity through other mechanisms. For example, in a recent report of an oncolytic Newcastle disease virus (NDV) in lung cancer cell lines, NDV induced DAMP release as seen with T-VEC but autophagy also played an important role in mediating cell death.^[33](#CIT0033)^ As the field develops, it will be critical to confirm how tumor cells die with each oncolytic virus to better identify relevant clinical indications and optimize combination approaches.

The initial response to HSV-1 infection occurs when viral DNA is "sensed" by elements of the anti-viral machinery.^[34](#CIT0034)^ Indeed, one of the reasons for selective tumor cell replication for many DNA-based oncolytic viruses is due to deficiencies in anti-viral machinery elements.^[35](#CIT0035),[36](#CIT0036)^ Using a panel of human melanoma cell lines with variable sensitivity to T-VEC infection, we observed an inverse correlation between STING expression and T-VEC permissiveness. We did not find any impact of PKR or cGAS on T-VEC-mediated killing suggesting that STING may be particularly important. Recent studies have also identified STING expression as an integral intracellular factor in promoting lymphocyte recruitment to tumors and supporting sensitivity to immunotherapy.^[10](#CIT0010)^ In tumor cells, STING may be triggered by aberrant tumor cell DNA, which then activates cytokines that coordinate with extrinsic STING to induce antigen presentation and trigger host anti-tumor immunity. This pathway has been targeted by STING agonists as a strategy for restoring local T cell recruitment and immunotherapy sensitivity, although clinical trials are still in early development.^[14](#CIT0014)^ While it was somewhat surprising that cGAS did not demonstrate an independent association with T-VEC-mediated lysis, this might relate to direct STING activation by viral RNA formed during HSV-1 replication via the RIG-I and MAVS pathways or it may be related to the ability of viral DNA to directly activate STING.^[34](#CIT0034)^ In addition to STING, other signaling pathways may also be involved in mediating immune activation following T-VEC infection of tumor cells and further studies are needed to better define how T-VEC induces local immunity following intratumoral delivery. Our data, however, do support the concept of using T-VEC and other DNA viruses as a strategy to alter the local tumor microenvironment when STING expression is low.

To further evaluate the role of STING in mediating T-VEC-related ICD we developed a STING knockout LOX-IMVI cell line became more permissive to T-VEC infection in the absence of STING. Interestingly, while T-VEC was able to induce TNFα and IL-1β, loss of STING was associated with less TNFα production but significantly increased IL-1β release. TNFα has been shown to be released in response to STING activation; thus, it is not surprising that TNF is reduced in STING KO cell lines.^[37](#CIT0037)^ We do not fully understand why IL-1β is increased but could speculate that when STING is low the virus will be able to replicate better and thus other innate immune sensors may be able to compensate and induce innate immunity compensatory mechanisms are likely important. Increased IL-1β production might be due to increased inflammatory effects due to enhanced cell killing. In addition to STING, it is also possible that additional intracellular factors may be involved in mediating initial cytokine release induced by T-VEC. Further studies are needed to better understand the implications of altered cytokine release in promoting anti-tumor immunity and immunotherapy.

In order to examine immune responses in an immune-competent melanoma model, we used the D4M3A cell line which has very low STING expression and is resistant to treatment with anti-PD-1 immune checkpoint inhibitor. In this model employing a bilateral tumor design, T-VEC was able to induce a strong anenestic response with regression of injected and un-injected tumors with improved survival. In addition, we demonstrated the accumulation of viral- and tumor antigen-specific T cells within injected and un-injected lesions. While we do not definitively understand the mechanism by which the gB-specific CD8^+^ T cells get recruited to the contralateral tumor, this effect has been consistently observed (see [Figure 7](#F0007)). One explanation could be the presence of cross-reactive antigenic epitopes shared between HSV-1 and the tumor but a preliminary review did not identify any putative shared sequences. Another explanation is that the contralateral tumor may express chemokines that result in the recruitment of recently primed CD8^+^ T cells. This can also be attributed to regulatory mechanisms that can suppress the circulation of self-tumor antigen-specific CD8^+^ T cells.^[38](#CIT0038),[39](#CIT0039)^ In addition, increased pro-inflammatory gene expression was detected in all tumors suggesting a systemic anti-tumor immune response had been generated. This included numerous genes associated with multiple aspects of immune cell function, including antigen presentation, innate immunity, and T cell activation and recruitment. This supports the concept that T-VEC could overcome innate STING deficiency within the melanoma cells to promote ICD and anti-tumor immunity. It is important to note that while T-VEC exhibited immune infiltration to both injected and non-injected lesions, these responses can even be augmented by using T-VEC and other combinations as previously described.^[21](#CIT0021)^ These data are also supported by results of a recent phase I trial of T-VEC and pembrolizumab, which demonstrated 62% objective response rate in melanoma patients treated with the combination.^[16](#CIT0016)^ In this small trial, patients harboring tumors without PD-L1 expression responded. While PD-L1 expression has not completely correlated with therapeutic activity to checkpoint blockade in melanoma, this may be significant when considering other cancers where PD-L1 expression may be important for clinical activity with checkpoint blockade.

In summary, we have shown that T-VEC induces immunogenic cell death, DAMP release, cytokine production and induction of inflammatory gene expression. STING also emerged as a critical factor in mediating melanoma cell sensitivity to T-VEC infection, killing, and immune activation. This observation might also support STING expression as a predictive biomarker of T-VEC response, although this requires clinical validation. Previous studies have shown that oncolytic HSV-1 can mediate the regression of STING-low tumor cells.^[35](#CIT0035)^ It is possible that T-VEC may mediate anti-tumor responses through different pathways in STING expressing and STING low/deficient tumors. A better understanding of how T-VEC kills melanoma cells and promotes systemic anti-tumor immunity should promote more rational combination studies and could help identify patients with tumors most likely to respond to treatment with oncolytic viruses.
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